A block copolymer may be added as a compatibilizer during polymer processing in order to promote intimate mixing of thermodynamically immiscible homopolymers. The action of this compatibilizer can only partially be attributed to its effect on the interfacial tension between the immiscible homopolymers. Here the additional contributions of the compatibilizer are directly probed by measuring the capillary number during coalescence experiments. Model blends consisting of polyisobutylene ͑PIB͒ and polydimethylsiloxane ͑PDMS͒, compatibilized with various amounts of a PIB-PDMS diblock copolymer, are used for this purpose. The mean capillary number of the droplets is determined from the mechanical frequency response of the blends. With increasing amounts of compatibilizer, a systematic increase in steady shear capillary number is seen, to values well above the critical capillary number for droplet breakup of uncompatibilized systems. This indicates that a simple decrease in interfacial tension is not the only effect of adding the compatibilizer to these immiscible blends. Past simulations suggest that these results are associated with gradients in interfacial tension ͑Marangoni stresses͒ induced by the gradients of compatibilizer concentration due to flow. Direct evidence of the presence of such interfacial tension gradients along the surface of compatibilized drops was obtained by optical microscopy.
I. INTRODUCTION
Mechanical blending of immiscible polymers is a common means of achieving the desired material properties in polymer processing. The immiscible components are usually blended in the melt state and then cooled, thereby freezing the nonequilibrium, multiphase microstructure. The properties of the blend are strongly influenced by the size of heterogeneity, making the relationships between processing flow conditions and the resulting microstructure a topic of intense research. Restricting ourselves to two-phase droplet-matrix morphologies, the droplet size R is governed primarily by a comparison between breakup and coalescence of droplets.
For the case of uncompatibilized droplets, breakup occurs if the hydrodynamic stress deforming the droplet is significantly larger than the restoring stress ␣/R due to interfacial tension ␣. For a Newtonian droplet suspended in a Newtonian matrix of viscosity , and being sheared at shear rate of ␥ , the hydrodynamic stress is characterized by ␥ and, Ca ϭ hydrodynamic stress interfacial stress ϭ
where Ca cr is the critical capillary number. Ca cr depends on p, the ratio of the viscosity of the droplet to that of the matrix, and has been shown to diverge above a viscosity ratio of approximately 4 ͓Grace ͑1982͔͒. For viscosity ratios close to 1, as in this paper, Ca cr is known to be about 0.5. Coalescence is governed by the product of the collision frequency between droplets in shear flow, and an efficiency factor accounting for the fact that only a small fraction of collisions result in coalescence ͓Chesters ͑1991͒; Vinckier et al. ͑1998͔͒ . The collision frequency, C, is given by the Smoluchowski equation
where n is the number density of droplets. At constant volume fraction of the droplet phase, , the product nR 3 is constant, and hence, C ϰ n, or C ϰ R Ϫ3 . Surface-active species are often employed to achieve a finer dispersion of droplets; this ''compatibilizer'' may be added prior to mixing ͑physical compatibilization͒ or be generated at the interface by a chemical reaction ͑reactive compatibilization͒ during mixing ͓di Lorenzio and Frigione ͑1997͔͒. In many cases, the compatibilizer is believed to reduce the interfacial tension, and hence, the interfacial restoring stress, and therefore reduce the droplet size as per Eq. ͑1͒. The view that effects of compatibilization are entirely attributable to a decrease in interfacial tension has been challenged by several observations such as coalescence suppression by steric hindrance ͓Sundararaj and Macosko ͑1995͒; Macosko et al. ͑1996͒, Milner and Xi ͑1996͔͒, and interfacial viscoelasticity ͓Riemann et al. ͑1997͔͒ due to added compatibilizer. However, the available data are too meager to allow a definitive conclusion about the effects of compatibilization in immiscible polymer blends. Moreover, most compatibilized blends studied so far were composed of high molecular weight commercial polymers. The high elasticity and shearthinning nature of the blend components complicate quantitative analysis of the result. This research seeks to clarify the effects of added compatibilizer on the dynamics of immiscible blends by using simple model blends as described below.
Several groups ͕see ͓Guido et al. ͑1999͔͒, and references therein͖ have successfully avoided problems with complex rheological properties of the components of blends by studying morphological evolution in idealized polymer blends subjected to well-defined simple flows. These blends, usually based on polydimethylsiloxane ͑PDMS͒ and polyisobutylene ͑PIB͒ homopolymers, offer several advantages including simple rheological behavior of the components, low viscosities at room temperature, and optical transparency. In the present work, the effect of compatibilization has been studied on such a PIB/PDMS system by adding a diblock copolymer of PIB and PDMS to the blend. The diblock copolymer is expected to preferentially adsorb at the interface between the components and thereby act as a compatibilizer. Optical microscopy experiments have confirmed that the diblock copolymer is an effective compatibilizer for a PIB/PDMS blend, i.e., the average size of the droplets after a given shear history is significantly reduced by addition of the diblock copolymer to the blend. This paper, however, is only concerned with capillary numbers of droplets, and not with their size as such. The main advantage in dealing with Ca rather than droplet size is that the decrease in interfacial tension due to presence of compatibilizer is already accounted for in the definition of Ca. Thus, the question underlying the present approach is: What are the differences between the dy-namics of uncompatibilized and compatibilized droplet-matrix blends when the droplets of compatibilized blends are ''normalized'' for their lower interfacial tension?
II. EXPERIMENT
The blends studied here were composed of PDMS (M w 145 000, Rhodorsil 47 vs 100 000 from Rhodia Chemicals, ϭ 107 Pa s at 23°C͒ as the matrix phase and PIB (M w 1300, Parapol 1300 from Exxon Chemical, ϭ 113 Pa s at 23°C͒ as the droplet phase. Both components were nearly Newtonian under experimental conditions. A diblock copolymer of PIB-PDMS (M w,PIB Ϸ 6150; M w,PDMS Ϸ 8000; polydispersity Ϸ 1.3͒ was purchased from Polymer Source Inc. The low molecular weights of the blocks imply that there are no entanglements between the blocks and the bulk phases.
Blends were prepared by mixing the diblock copolymer into PIB to obtain the dispersed phase, and then blending this mixture into the PDMS matrix. All mixing was performed by hand with a spatula. All samples were preconditioned with a specific shear history prior to measurement, and differences in initial mixing conditions were found to be relatively unimportant as also noted previously for similar uncompatibilized blends ͓Vinckier et al. ͑1998͔͒. All blends had 10% by weight of the dispersed phase ͑volume fraction ϭ 0.108͒ unless noted otherwise. The amount of diblock is quoted as a weight percentage of dispersed phase. For example, a ''4% compatibilized'' blend has overall 0.4% by weight of diblock copolymer, based on the global blend composition. Blends with 0%-10% compatibilizer were studied. The addition of a block copolymer in these relatively small amounts was found to have a negligible effect on the viscoelastic properties of the bulk phases.
Rheological measurements were performed on a Rheometrics Dynamic Stress Rheometer at 23.0°C using a 25 mm diameter, 0.1 rad cone and plate geometry. All samples were subjected to a preshear of 4.8 s Ϫ1 for 3000 strain units, and then allowed to coalesce at a constant shear rate of 1.2 s
Ϫ1
. The evolution of morphology was monitored by interrupting the shear flow periodically, and conducting dynamic mechanical measurements at 10% strain in the frequency range from 0.03 to 100 rad/s. Each frequency sweep experimental lasted 1000-4000 s depending on the frequency at which the shoulder in GЈ appeared ͑see later͒. It was verified that measurements were in the linear viscoelastic region, and that increasing the preshear time at 4.8 s Ϫ1 did not affect the coalescence results significantly. In addition, repeated frequency sweep experiments over 7-8 h at the end of the preshear were found to give identical results, indicating that the morphology remained unchanged during frequency sweep experiments, and under quiescent conditions. This experimental strategy is unlikely to be successful at high volume fractions of the dispersed phase when static coalescence may cause substantial changes to the morphology over the time scales of the frequency sweep experiment ͓Macosko et al. ͑1996͔͒. Figure 1 shows typical examples of the storage modulus GЈ of blends with various levels of compatibilizer. These data are chosen at various shearing times after stepping down the shear rate to 1.2 s Ϫ1 such that the shoulder appears at roughly comparable frequencies for all three samples. The high frequency part of the storage modulus GЈ can be described well by the Dickie model ͓Dickie ͑1973͔͒, or equivalently, by the Palierne model ͓Palierne ͑1990͔͒ without interfacial tension (␣ ϭ 0). The high-frequency values of GЈ are also approximately equal to the volume average modulus of the components ͑not shown͒. At lower frequencies, the blends show a pronounced shoulder in GЈ which, in the case of uncompatibilized blends, can be related to the shape-relaxation of deformed Fig. 1 show the results of fitting the Palierne model to the frequency sweep data, with ␣/R as the only fitting parameter. While qualitative features of the data can be fitted well, the model overpredicts the intensity of the shoulder for the uncompatibilized blends. Such overpredictions have been observed previously in similar uncompatibilized blends ͓Vinckier et al. ͑1996͔͒. Interestingly enough, with the addition of a diblock copolymer to the blend, the predictions improve for 0.5% and 1% compatibilization ͑1% not shown͒. The fits then worsen appreciably with increasing amounts of compatibilizer ͑e.g., the 7% compatibilized sample in Fig. 1͒ . There are at least three possible reasons for these relatively poor fits: the Palierne model is not valid when a block copolymer is present on the interface, hydrodynamic interactions between droplets are not negligible at 10.8% by volume of the dispersed phase, and finally, polydispersity in ␣/R is large. Obviously, the first reason cannot explain the discrepancy for the uncompatibilized case, nor can it explain the improved fit at low levels of compatibilizer. Second, hydrodynamic interactions were not included in the fitting procedure because thus far, the Palierne model has not been extended to include hydrodynamic interactions. In any case, all blends studied here have the same volume fraction of dispersed phase, and hydrodynamic interactions may be expected to be comparable. Finally, small amounts of polydispersity have been shown to have very little effect on the frequency response ͓Graebling et al. ͑1993͒; Vinckier et al. ͑1998͔͒. However, we have no means of demonstrating that polydispersity in ␣/R for the compatibilized blends is small. Note that in the present situation, unlike in uncompatibilized blends, polydispersity in drop size is not the same as polydispersity in ␣/R since the concentration of the compatibilizer, and hence, the interfacial tension, may vary from drop to drop. Given the situation, how may the frequency response be related to a mean ␣/R? Three methods were considered here. The first involved fitting the Palierne model to the data with ␣/R as th only free parameter. This method has been used previously to fit the GЈ of uncompatibilized blends, and thus obtain the mean droplet size using the known interfacial tension ͓Lacroix et al. ͑1997͒; Vinckier et al. ͑1998͔͒. As mentioned earlier, typical fits resulting from this procedure are shown as dotted lines in Fig. 1 . This method resulted in accurately fitting the low and high frequencies, but generally overpredicting the GЈ at the shoulder, and somewhat underestimating the relaxation time of the shoulder. The corresponding capillary number ␥ R/␣ will be denoted by Ca.
III. ANALYSIS OF DATA
Recent experiments ͓Lyu et al. ͑2000͔͒ show that in an uncompatibilized dropletmatrix blend under shear, the smallest droplets tend to follow the streamlines around the larger ones and hence coalesce at much lower rates than the larger ones. Thus, after long periods of shearing, a certain fraction of droplets are far smaller than average, and thus have relaxation times far from the average. This suggests using a fitting method that explicitly accounts for the fact that a fraction of the droplets do not contribute to the shoulder in GЈ. Hence, the second method used for fitting GЈ allowed ␣/R and the volume fraction of the dispersed phase to vary simultaneously. This procedure resulted in excellent fits throughout the frequency range for all samples as seen by the solid lines in Fig. 1. Figure 2 shows that the volume fractions of dispersed phase required for these fits range from Ϸ ͑actual volume fraction of 0.108͒ for 0.5 and 1% compatibilization, to Ϸ 0.075 at high compatibilizer concentrations. For all samples these best-fit volume fractions remained almost unchanged as coalescence proceeded, implying that the vol- ume fraction of droplets contributing to the shoulder remained unchanged during the coalescence process. The capillary numbers so obtained, denoted by Ca , were up to 40% higher than Ca, with the largest differences occurring at the early stages of coalescence at short shearing times. After long shearing times, the differences between Ca and Ca were much smaller ͑see later, and Fig. 4 for example͒.
Finally in the last fitting method used, the Palierne model was ignored altogether. The only assumption made was that the shoulder in GЈ represents the shape relaxation of the droplets. The shoulder relaxation time d was then determined by fitting a Maxwell model to the difference between the measured GЈ of the blend, and the GЈ expected with ␣ ϭ 0 ͓Dickie ͑1973͔͒. A model-independent capillary number was then defined as d ␥ . This was found to be a factor of 2.5-3 higher than Ca for all samples, which is in reasonable agreement with a factor of about 2.4 calculated from the Palierne model prediction Droplet relaxation time
using p ϭ 1.06 and values of from Fig. 2 . The model independent capillary number ( d ␥ ), and Ca show identical trends since they both fit the shoulder in GЈ very well, and hence, the former will not be shown here. Steady state values of both Ca and Ca will be presented later, however, the evolution of capillary number during coalescence will be shown only for Ca. The conclusions drawn in this paper are independent of the fitting method used; it is dependent only on the assumption that the shoulder in GЈ corresponds to the shape-relaxation of droplets. Figure 3 shows the evolution of Ca during coalescence at a shear rate of 1.2 s Ϫ1 for samples with various levels of compatibilizer. Coalescence is seen to increase the capil- lary number from an initial low value to a higher steady state value at all the compatibilizer concentrations studied. For the uncompatibilized sample, the final steady state capillary number Ca ss is seen to approach approximately 0.45 after long shearing times. This value is just below the critical capillary number for breakup, Ca cr Ϸ 0.5, expected at the viscosity ratio of 1.06 ͓Grace ͑1982͒; Rallison ͑1984͔͒. Thus, following Vinckier et al.͑1998͒ , it may be concluded that the droplets grow by coalescence until they reach the critical capillary number, after which there exists a dynamic equilibrium between breakup and coalescence.
IV. RESULTS
Upon adding compatibilizer, Ca is found to be considerably higher than for the uncompatibilized blend at all shear strains. Specifically, Ca ss for the compatibilized blends is found to be well above 0.5, which is the Ca cr for breakup of uncompatibilized droplets. Thus, the addition of a surface-active compatibilizer allows the droplets to sustain a higher capillary number without breakup, which is the central result of this paper. This implies that in a dimensionless sense, the compatibilized droplets studied in the paper are more stable against breakup than uncompatibilized ones.
The major advantage of measuring relaxation of droplets is that capillary numbers can be obtained directly, rather than by combining separate measurements of drop size and interfacial tension. As mentioned in Sec. I, presenting data in the form of capillary number corresponds to normalizing the size of the droplets of a compatibilized blend for their lower interfacial tension. The increase in the capillary number with the addition of a compatibilizer clearly shows that the effect of compatibilization cannot be captured in terms of a decrease in interfacial tension alone, i.e., the scaling implied by Eq. ͑1͒ is not valid for the blends studied in this paper. Specifically, the higher capillary number of these compatibilized droplets indicates that the decrease in steady-shear drop size due to addition of compatibilizer is less than expected from the decrease in interfacial tension. Figure 4 summarizes the steady shear capillary numbers Ca ss ͑from Fig. 3͒ , and Ca ,ss , at 1.2 s Ϫ1 as a function of compatibilizer content. It is seen that Ca and Ca ,ss are almost equal up to about 4% compatibilization. Ca is seen to decrease at higher compatibilization. This is, however, an artifact of the poor quality of the Palierne fits for blends with large amounts of compatibilizer, which result in underestimating the relaxation time of the shoulder in GЈ. On the other hand, Ca ,ss and d ␥ ͑not shown͒, which estimate the relaxation time of the shoulder more accurately, show a plateau above about 4% compatibilization. The plateau in Ca ,ss indicates that the effects of a compatibilizer, other than a simple decrease in interfacial tension, saturate at high compatibilizer concentrations.
A final caution with regards to interpretation of Fig. 3 is that for the uncompatibilized blend, the increase in Ca with strain translates directly into a proportionate increase in droplet size as per Eq. ͑1͒. This may not be true for the compatibilized blends since the interfacial tension may itself change as coalescence proceeds. Specifically, if almost all the block copolymer remains on the surface of droplets at all times, the decrease in interfacial area must cause a decrease in interfacial tension as drops grow by coalescence. In that case, the relative increase in capillary number by coalescence is expected to exceed the relative increase in droplet size.
V. DISCUSSION
The main result of this paper is that in the blends studied here, the addition of surfaceactive compatibilizer leads to an increase in the steady shear capillary number to values well above the Ca cr required for breakup of uncompatibilized droplets. This discussion seeks to provide a microscopic basis to explain this observation. Two prior publications have described such an increase in Ca cr due presence of a surface-active species, although both these involved microscopic observation of singledrop deformation and not droplet-matrix blends. The most explicit observation has been by Hu et al. ͑2000͒ , who generated a block copolymer by interfacial reaction and obtained the interfacial tension by measuring drop deformation in extensional flow. These authors noted that, under certain conditions, the critical capillary number required for breakup of drops with block copolymer exceeded that for drops without block copolymer. A similar result is also implicit in the data of Janssen et al. ͑1994͒ for drops in shear flow, although in this case the surfactant was soluble in the bulk solution and the results were complicated by diffusive exchange of the surfactant between the interface and the bulk.
The situation has, however, been studied extensively by numerical simulation of drops with an interfacial tension-reducing surfactant on the interface ͓Stone and Leal ͑1990͒; Milliken and Leal ͑1994͒; Li and Pozrikidis ͑1997͔͒. The various phenomena involved are understood most easily for a drop in purely extensional flow ͓Stone and Leal ͑1990͔͒. In this case, the bulk flow in and around the extended drop convects the surfactant towards the end of the drop. The increased surfactant concentration at the ends of the drop reduces the local interfacial tension resulting in two competing effects: The lower interfacial tension at the ends of the drop encourages larger deformation, but the gradient in interfacial tension induces a Marangoni stress along the drop surface which opposes deformation. If diffusivity of the surfactant along the drop surface is large, concentration gradients, and hence, interfacial tension gradients, are negligible. In this case, the increase in the surface area of the drop due to deformation reduces the concentration of surfactant everywhere on the surface. This ''overall dilution'' of surfactant raises the average interfacial tension of the drop, and hence, opposes deformation. The net effect on the deformation and on Ca cr is an interplay of these effects. Additional complexity is introduced by diffusion of surfactant between the surface and the bulk ͓Milliken and Leal ͑1994͔͒, and by droplet rotation in the case of shear flows ͓Li and Pozrikidis ͑1997͔͒.
The importance of the diffusion of the block copolymer along the interface, and diffusion into the bulk may be estimated as follows. In the present case, since the diblock copolymer is unentangled, its diffusivity along the drop surface, D s , is at most equal to the diffusivity of pure PIB with M w ϭ 6150 ͑the block M w ͒ ͓Dalvi et al. ͑1993͔͒. Because the monomeric friction of PDMS is four orders of magnitude lower than that of PIB ͓Ferry ͑1980͔͒, the PDMS block is expected to have a negligible effect on the diffusivity along the drop surface. Thus, the upper limit for D s is given by the Rouse theory
where is the monomeric friction coefficient of PIB, N is the number of monomers in each PIB block, and N Avo is Avogadro's number. Using ϭ 4.5ϫ10 Ϫ8 kg/s ͓Ferry ͑1980͔͒, the upper limit for D s is found to be ϳ 10 Ϫ15 m 2 /s. Experiments with optical microscopy have shown that drop diameters can range from 10 m to less than the resolution of an optical microscope ͑ ϳ 1 m͒. Thus, with D s ϭ 10 Ϫ15 m 2 /s, the Peclet numbers (Pe ϭ ␥ R 2 /D s ) span a range from 30 000 to 3, arbitrarily assuming that smallest drops have a diameter of 0.1 m. Since surface diffusion is much faster than convection only when Pe Ӷ 1 ͓Stone and Leal ͑1990͒; Li and Pozrikidis ͑1997͔͒, the effects of overall dilution of surfactant mentioned in the previous paragraph may be ruled out. Diffusivity of the diblock perpendicular to the interface is expected to be significantly lower than D s since bulk diffusion involves pulling the PIB block through the PDMS matrix or vice versa ͓Dalvi et al. ͑1993͔͒. Therefore, the diffusive exchange of the block copolymer with the bulk is also expected to be negligible and the amount of diblock per droplet may be regarded as invariant in deformations not involving coalescence or breakup. Thus, having eliminated overall dilution and bulk diffusion as significant factors, Marangoni stresses remain the most likely explanation for the increase in Ca Cr with addition of block copolymer within the framework of theory ͓Stone and Leal ͑1990͒; Li and Pozrikidis ͑1997͔͒.
Optical microscopy lends support to the physical picture described earlier. These experiments were conducted on blends composed of the same components as earlier, but with only 1% by weight of the dispersed phase in a PDMS matrix. This lower volume fraction of dispersed phase was necessary because the strong light scattering by the droplets makes the blends with 10% dispersed phase highly opaque. The amounts of compatibilizer studied were 0%, 2%, and 10% by weight of the dispersed phase as before. The blends with 1% dispersed phase were subjected to the following shear history: they were first sheared at 0.1 s Ϫ1 for a sufficiently long time such that the droplets coalesced to a size that was easily visible under microscope. Shear was then stopped, allowing the droplets to retract to spherical shape. The blends were then sheared for 2 s at 10 s Ϫ1 to deform the droplets. The shearing was then stopped, and the subsequent relaxation of the droplets was observed. For the uncompatibilized blend, shear at 10 s
Ϫ1
deformed the droplets into highly extended fibrils. After cessation of shear, these fibrils broke up by Rayleigh instabilities into strings of several smaller droplets as observed previously in a similar blend ͓Mewis et al. ͑1998͔͒. Droplets of the 2% compatibilized blend were found to deform much less during the 10 s Ϫ1 shear, and highly extended fibrils were not seen. Figure 5 shows the relaxation of this blend 2 s after cessation of shear. It is seen that several droplets have severely extended tips, which were observed to retract much more slowly than the midsection of the droplets. The high curvature of the interface at the tips of the drops as compared to the midsection and the slow rate of tip retraction prove that the tips have a far lower interfacial tension than the midsection. This figure provides direct evidence of the presence of gradients in interfacial tension along the drop surfaces and lends support to the idea that Marangoni stresses act on droplet surfaces when the droplets are deformed by shear. Further support is obtained by the observation that droplets of the 10% compatibilized blend were found to deform very little under the same shear history indicating that the Marangoni stresses were sufficiently strong to prevent deformation altogether. Qualitatively, the effects of Marangoni stresses on Ca cr are strongly analogous to those of an increased drop viscosity ͓Li and Pozrikidis ͑1997͔͒. Using this analogy, the magnitude of the Marangoni stress in the system may be estimated as follows: for the 2% compatibilized drops, Ca ss Ϸ 1 ͑see Fig. 4͒ . Past experimental work shows that the same Ca cr would be obtained for an uncompatibilized drop if the viscosity ratio were either 0.025 or 2.5 ͓Grace ͑1982͒; Rallison ͑1984͔͒. The former value may be ignored as being physically unrealistic since an apparent increase in drop viscosity is expected in the present situation. Thus it may be concluded that the 2% compatibilized system behaves as though its viscosity ratio were 2.5. The actual viscosity ratio is 1.06, thus, the magnitude of the Marangoni stress is ␥ (2.5-1.06) Ϸ 1.4␥ . While exact numerical significance should not be assigned to this estimate, it is clear that the Marangoni stress is not a minor correction in the blends studied here; it is comparable to the ''sensible'' interfacial stress expected for drops with uniform interfacial tension. A final comment on the rate of coalescence is in order. Figure 3 shows that the time required to reach the steady shear capillary number decreases strongly with addition of compatibilizer. Optical microscopy has shown that the droplet size reached after preshear is greatly reduced upon addition of compatibilizer. Thus, the Smoluchowski frequency of binary collisions increases strongly due to the large increase in number density of droplets, as per Eq. ͑2͒. This is one possible cause for the faster approach to steady state, although other explanations may be possible. Regardless of the reasons, the increased rate of coalescence of compatibilized blends in Fig. 3 is not in doubt, which raises the following issue.
Steady shear is considered to be a dynamic equilibrium between the breakup and coalescence of droplets. If the coalescence is slow, the equilibrium is far towards the breakup side and all droplets are expected to be at or below the critical drop size. With an increase in the coalescence rate, the mean droplet size is expected to increase as the equilibrium shifts towards larger droplets. Thus, it is possible that the high steady shear capillary number is attributable not to a higher Ca cr , but to a higher rate of coalescence, shifting the dynamic equilibrium between coalescence and breakup towards larger capillary numbers.
This alternative interpretation of the results may be tested by conducting experiments on blends with a lower volume fraction of the dispersed phase. This may be expected to reduce the droplet collision frequency significantly, and hence, reduce the coalescence rate. If the high steady shear capillary numbers for compatibilized blends were caused only by a higher coalescence rate, lowering the coalescence rate may be expected to decrease the steady shear capillary number as well. Accordingly, some coalescence experiments were performed on blends with 5% by weight of dispersed phase with 0%, 2%, and 10% compatibilizer ͑as a weight fraction of the dispersed phase as before͒. Figure 6 compares the evolution of Ca during coalescence for samples with 5% and 10% of dispersed phase. Ca rather than Ca is chosen for this comparison because the weak shoulder in GЈ for the 5% dispersed phase blends leads to large errors when fitting the Palierne model with a fixed . It is seen that the steady state values of Ca ,ss are almost equal for samples with 5% or 10% dispersed phase indicating that coalescence has negligible effect on the steady shear capillary number. This strongly supports our assumption that the steady shear capillary numbers correspond to the breakup capillary numbers Ca cr .
VI. SUMMARY AND CONCLUSION
This paper reports shear-induced coalescence experiments on immiscible polymeric blends with a droplet-matrix morphology. Dynamic mechanical measurements allowed direct determination of the average capillary numbers of the droplets. This corresponds to scaling the size of the compatibilized droplets to account for their lower interfacial tension. Addition of a surface-active compatibilizer increased the steady shear capillary number of droplets to values considerably greater than the Ca cr for breakup of uncompatibilized droplets. This suggests that the hydrodynamic stress required to break compatibilized droplets is considerably higher than that expected on the basis of their interfacial tension. It may therefore be concluded that the dynamics of the compatibilized blends studied in this paper cannot be explained merely in terms of their lower interfacial tension. Previous simulations ͓Stone and Leal ͑1990͒; Li and Pozrikidis ͑1997͔͒ suggest that flow-induced gradients in the concentration of the compatibilizer on the droplet surface are responsible for an increase in Ca cr with compatibilizer concentration. These concentration gradients are believed to cause substantial gradients in interfacial tension ͑Marangoni stresses͒ along the interface that resist droplet deformation and breakup. Indeed, optical microscopy confirmed that compatibilized droplets deformed far less in shear flow than uncompatibilized ones. Microscopy experiments also provided direct evidence of gradients in interfacial tension along the surface of compatibilized droplets.
